LETTERS TO NATURE 



Functional analysis of 
activins during 
mammalian development 

Martin W. Watzuk^tl, T. Rajeitdra Kumart, 
Anne Vassaili§!|, Jackie R. BickenbachI, 
Dennis R. Roopt, Rudolf Jaenl8Clt§|| 
& Allan Bradley^^ 

Departments of * Molecular and Human Genetics, t Pathology and 
+ Cell Biology, ^ Howard Hughes Medical Institute, 
Baylor College of Medicine, Houston, Texas 77030, USA 
§WhiteheacJ Institute for Biomedical Research, Cambridge, 
Massachusetts 02142, USA || Department of BfOiogy, 
Massachusetts rnstitute of Technology, Cambridge. 
Massachusetts Q2139> USA 

Aa IVJNS are dimeric (pApA; pBpB; PAPB) members of the trans- 
forming growth factor-P superfamily^ They are widely expressed 
during murine development , are highly conserved during verte- 
brate evolution^ and may be involved in mesoderm induction 
and neuruiation in Xempus laevis and Oryzias iattpes^^^'^ . To 
investigate the fanction of mammalian activlns in vivo, we gener- 
ated mice with mutations either in activin-pA or in both activin- 
pA and activin-pB, Activin-pA-deiicient inice develop to term but 
die within 24 h of birth. They lack whiskers and lower incisors 



and have defects in their secondary palates, including cieft palate, 
demonstrating that activin-pA must have a role during craniofacial 
development. Mice lacking both activin subunits show the defects 
of both individual mutants but no additional defects, indicating that 
thrare k no functional redundancy between these proteins during 
embryogenesis. In contrast to observadoits in lower verte- 
brates^^ zygotic expresdott of activins is not essential for 
mesoderm fm-mation in mice. 

In the mouse, activin-^A and PO subunits (Fig, la) are 
expressed zygoticaily before implantation^' After implantation, 
activin subunit expression is limited to the maternal deciduum 
until El 0.5, v^hen activin-pA begins to be expressed in mesenchy- 
mal ceils of the developing face, whiskers, hair follicles, heart 
and digestive tract^'^-'l Mice deficient in activin-PB are viable 
bm have defective eyelid development and female reproduction 
and normal mesoderm formation or neunilation'^. To investi- 
gate the function of activins during mammalian development, 
mice with a disrupted activin-pA allele were generated using 
embryonic stem cell technology (Fig. lb). Heterozygous 
{actpA"^^/-^) mice were fertile and viable and were intercrossed 
to obtain ac0A'^^/actl3A"'^ mice (aclivjn-pA-deficient). Geno- 
type analysis of the progeny from these intercrosses (Fig. Ic) 
revealed normal mendelian ratios, with 25.1% wild type (68/ 
271), 49.4% heterozygotes (134/271) and 25.5% homozygotes 
(69/271), indicating that act^A'^^/actpA"'^ mice sui"vived to 
birth. The activin-PA-deficient mice (Fig, 2a) appeared to be 
healthy at birth, breathed normally, and were similar in weight 
to controls {acipA''''/actpA'^\ 1.19±0.12g («-22); littermate 
controls, U24±0.llg Although {actpA'^'/actpA'^^ 
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FIG. 1 Structures of activins and inhlbins. targeting of the 

acttvin-pA gene in embryonic stem (ES) cells, and genera- 
1jor> of aotrvjn-pA-deficient mfce. a, Dimeric forms of activins 
and rr>hibins. Absence of both PA and pB subunits aboHshes all activin 
and Inhfbin activity, The targeting vector to delete exon 2 (1.8 kb of 
sequence) of the activin-pA gene is shown. The mouse activin-pA gene 
is a two-exon gene witli an 8.8-kb intron, Exon 1 encodes the signal 
peptide sequence and 101 amino acids of the propeptide; exon 2 
encodes ISl amino acids of the propeptide and ttia llG-amino^actd 
mature activin-pA peptide. Homologous recombination between this 
targeting vector and the endogenous mouse activin-f3A locus deletes 
exon 2. Tiie presence of a 4.0-kb fragment using a 5' probe or a 12.3- 
kb fragment using a 3' probe, versus a 14.5-kb wild-type fragment when 
digested with the restriction endonuclease Bam HI is diagnostic of the 
mutant allele, c, Southern blot anatysis of DNA from otfspring derived 
from heterozygous matings. Genomic DNA (^5 jig), isolated from the 
talis of offspring from one fitter, was digested with BamHl and analysed 
using a 5' probe. The presence of a singte 4.0-kb fragment in the four 
lanes on the left indicates a homozygous mutant (-/-) genotype. "Rie 
four homozygotes genotyped did not have milk m their stomachs and 
lacked whiskers. 

METHODS, 21.6 kb of isogenic DNA sequence encompassing the 2- 
exon mouse actlvin-pA gene was isolated from a mouse 129SvEv library. 
Linearized vector (25|ig) was electroporatetl into the hpft-negative 
A82.1 ES ceM line, selected in HAT (where HAT is hypoxanthiner aminop- 
tertne, thymidine) and RAU ts (l"(2'"tieoxy-2'-fiuorO"^-t>afabinQfijranos- 
yO'S-iodouracil), analysed by Southern blot analysis, and injected into 
chlmaeras as described^^'^^. ET^richment in HAT and FIAU was 14.4- 
fold compared to HAT alone. Southern blot analysis of ES cetl DMA 
identified 14 targeted clones out of 115 clones screened. The mutant 

354 



<<<<<< g<<-<g< 

I I t I ,4. + pf 4- 4- -f {> 




BamHI 



BamH! BamBI 



^ US kb (wild type) 
4.0 kb (mutant) 



— I Wild type 



BamHI 

1 Mntftnt 



5'ProlM! 

altele was transmitted from chlmaeras derived from independent clones 
I3A5-F12 arwi pA6-D5. To confirm the nature of the mutant aiteie, a 
cDNA probe encoding the activin^pA C-terminal (mature) sequence was 
hybridized to DNA from the actj^A'^ysct^A"" mice. The fack of hybrid- 
ization to a wild-type aettvin-jJA allele confirmed that the mutant act^A"*' 
allele was null (data not shown). 
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F!G- 2 Morphologicai and histological analysis of actMn-pA mutant artd 
control mice, a, Wild-type (left) and activin-pA-deficient tiomozygote 
(right) newborn iittermate mice. Note the absence of milk in the abdo- 
men of the activln-pA-deflcient mouse compared to the wild-type control 
(arrow), b. Medial view of wiJd-type (top) and actpA"^/actpA"'^ (iKJttom) 
dissected mandibles stained with aWzafm red and alc^an blue. The 
alveolar ridge (A) is the regbn of the mandible that surrounds the lov\rer 
molar teeth. The alveolar ridge (A) is less prominent and the incisor (1) 
is mtesing fn the mutant, consistent with the expression of activin pA In 
the developif^g tooth buds^'^'. There are no primary defects in mandible 
devel<H5nr)ent. c and tf, Gross analysis of the whisker pads and face of 
a wild-type controJ (c) and m^A*^'/aolpA'^^ (d) newborn mice, showing 
the absence of whiskers in the mutant {dj mouse, e and f. Histological 
analysis (haenf>atoxylin and eosin stain^^} of the whisi^er follicles of 
control (e) and actpA'^^/actpA"'^ (f) m)ce; magnification is the same in 
e and f and sections are transverse sections through the whisi^er pads. 
Note that the distances of the hair papillae (P) from the surface in the 
mutant (f) are shortened compared to the control (e). In addition, the 
hair bulbs (B) in the mutants (f ) are less well formed than in the control 
(e). The root sheath (S) is obvious as it approaches the epidermis fn the 
control (e), but is rarely visible in sections taken from several mutants. 



mice progressed to term at the expected frequency ^ they died 
within 24 h of birth. The actf]A'^\/actj3A"'^ mice lacked whiskers 
and incisors (Fig, 2b-d)r consistent with the expression of 
activin-pA messenger RNA in the mesenchyme of the whisker 
follicle and teeth primordia^'^". Analysis of skeletal prepara- 
tions showed that the lower incisors were absent (complete 
absence in 22/25 actpA'^^/actpA'^' mice) and that there was 
a secondary defect in the alveolar ridge of the mandible, the 
site of formation of the lower molars (Fig. 2b). Immature 
tooth buds could be detected in histological sections (Fig. 3). 
Histological analysis of the whisker pads revealed that growth 
and/or differentiation of the whisker follicles was delayed (Fig. 
2e,f). The root sheath, if present, appears to be immature, the 
cells at the base of the hair bulb often form an irregular pattern, 
and the hair papilla always lies closer to the surface (Fig, 2/); 
none of these features is evident in control iittermate mice. Thus, 
activin A is required for the normal development of whiskers 
and teeth. 

Newborn actpA'^^/actfiA"'^ mice, identified by their lack of 
whiskers, failed to suckle because of a cleft palate; 12 of 42 
(29%) hybrid background (C57BI/6/i29SvEv) and 3 of 9 (33%) 
129SvEv inbred actpA'^^/actpA"^^ newborn mice had a cleft 
secondary palate (Fig, 3). Skeletal preparations of 22 actpA"^^/ 



ac(pA"'^ newborn mice (hybrid background) that did not have 
clefts of the secondary palate revealed that 7 of 22 (32%) lacked 
a hard palate, whereas in most of the remaining mice develop- 
ment of the hard palate was incomplete (Fig, 3). 

To generate mice deficient in all activins and therefore lacking 
both activin-PA and pB subunits (Fig. Irt), act^A""^/-^ mice were 
interbred with «c//?B"'V+-mice*^ to generate compound hetero- 
zygous mutant mice (ac0A"'\ act^B^^/'^, +). Compound 
heterozygous mutant mice were interbred and compound homo- 
zygous mutant mice {actpA""', actpB^'/actpA"^', actpB"^') 
deficient in all activins and inhibins were viable at birth (Fig. 3f ) 
and seen at the expected frequency (Table 1). actpA^\ actfiE^^/ 
actPA''''\ actpB^^ mice were readily identifiable as they exhibited 
phenotypic characteristics of the individual mutant lines. These 
mice lacked whiskers and incisors (data not shown) and had 
eyelid defects (namely open eyes; Fig. 3/), and appear to have 
died of palate defects, with three out of nine (33%) having cleft 
secondary palate. Furthermore, the weight o(actpA^\ acipB^^/ 
actpA"'\ actpB"^^ mice was comparable (I.08±0.11 g; «=-9) to 
their littermates (LOSdbO.lBg; n^Z5) and they had no addi- 
tional defects over those seen in individual activin-pA or pS 
mutant mice. 

The absence of whiskers and incisors and the defects in the 
formation of the secondary palate in activin-pA-deficient mice 




FIG. 3 Histological analysis of the palate and surrounding tissues (a™e) 
and morphological analysis of compound homozygote mice (f ). Coronal 
sections at the Jevel of the eye of wi/d-type (a. b) and actpA'^V^ctpA'^^ 
(c--e) mice. Note the normal Joining of the lateral palatine processes to ■ 
form the hard and soft palates in the wild-t^e mouse (arrow) photo- 
graphed at low (a) and high {b} magnification. The hard palate (anrowj 
has not formed in the mutant at low {c) and high [d) magnification, 
which is evident from a lack of bone matrix and a sag^ng of palate. 
There is a cleft palate (CP; absence of both hard and soft palates) In 
wiother mutant (e). f, Newborn control (left) and awnpound homozygote 
actpA"^, actpsr^/BapA"*\ actjSB'"' (right) mice. Both mice were alive 
at the time the photo^aph was taken- The mutant mouse (right) had 
open eyes and no whiskers and was approximately the same size and 
we^ht as the control. 

IVIETHODS, Coronal sections through the palates were processed as 
described^^ and stained with alclan blue and neutral red. Southern blots 
of DNA from newborn offspring generated by intercrossing of compound 
heterozygous activln-mutant mice were analysed as described^^'^^, 
using the 5' probe to determine the activin-pA genotype and a 3' probe 
fortte activin-pB genotype^® Tail DNA was digested with BarnHL 
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TABLE i Genotype analysis of oflapring generated from compound 
heterozygote mice 



PA 

WT* 
WT 
WT 

+/- 
+/- 
+/- 
-/- 
-/- 
-/- 
Total 



WT 

+/- 
-/- 
WT 

+/- 
-/- 
WT 

+/- 
-/- 





Observed 




Number 


(%) 


{%) 


iO 


8.0 


6,25 


13 


10.4 


12,5 


10 


8,0 


6.25 


11 


as 


12.5 


34 


27.2 


25 


16 


12.8 


12.5 


4 


3.2 


6.25 


13 


10.4 


12.5 


14 


11.2 


6.25 


125 


100.0 


100.0 



* WT, wltd type; -f/-- heterozygote; "-/■-, tiomozj^e. 

are consistent with the expression of activin-PA mRNA*''*, and 

with the in vitro effects of activins on chondrogencsis and bone 
formation^'^^^\ The cleft palate and mandible and incisor defects 
are also seen in /-deficient mice^^ The incomplete pene- 
trance of the 'cleft' is reininiscent of human cleft palate and the 
multifactorial nature of its development^^ Interestingly, mice 
with the recessive mutation, oel, had cleft palate, open eyelids, 
and died perinatally^"*, Hfce compound homozygous activin-P A/ 
JJB mutant mice. The phenotype of oel mice is consistent with a 
defect in a common downstream component of both the activin 
A and B signal transduction cascades. The observation that acti- 
vin-pA/p double-mutant mice have a phenotype that is an 
additive combination of the single mutant phcnotypes indicates 
that individual activin homodimers are not functionally compen- 
sating for one another during development and that the activsn- 
pApB heterodimer does not have a unique function during 
embryogenesis. 

Although we have shown that zygotic activins are not essential 
for mesoderm induction in mice, experiments with mice carrying 
a TGF-pl mutation indicate that maternal TGF-pl may cross 
the placenta to partially rescue the mutant mice^^ As activin- 
pB-deiicient mice have norma! mesoderm-derived tissue when 
delivered from activin-pB-deficient mothers^^ maternal or decid- 
ual activin B is not essential; similar studies with activin-pA- 
deficient femaks are not possible. Overexpression of activin sub- 
units, receptors and truncated receptors in Xenopus iaevis and 
zebra fish could influence mesoderm induction"*"" as a result of 
interaction with other TGF-p superfamily member and their 
receptors^''^"^®. For example, truncated Xenopus activin type-!! 
receptors (ActRcH or ActRcIIB) block the activity of Vgl, a 
related TGF-p superfamily member^®. Identification of the ser- 
ine/threonine kinase receptors that are expressed at or around 
the time of mesoderm induction will give us a better understand- 
ing of the TGF-p-relaled proteins involved in this process. 
Lastly, the phenotype of mutant mice deficient in one of the 
activm receptors, ActRcII (see accompanying Letter^^), overlaps 
minimally with that of activin-deficicnt mice. This calls into 
question the relevance of ActRcII as a receptor for activin A 
and/or activin B during embryogenesis. Alternatively, the other 
type-II activin receptor, ActRcIIB, might be important in activin 
signal transduction during embryogenesis. A full understanding 
of the specificity of these ligand/receptor interactions must come 
from analysis of ActRcIIB mutant mice and the demonstration 
of epistasis in compound mutant ligand/receptor mice. □ 
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Activins are believed to initiate a signal trsnsdaction cascade 
by binding to serlne/tihnsoitine kinase receptors types I and 
Activins'* hind to several differettt receptors in vitw^"^^ bat the 
significflnce of this jateraction in vivo has not been confirmed^ 
To test the function of the type U activin receptor (ActRcIi) in 
mammaUan development and reproduction, we generated a nuH 
mutation in the ActRcII gene in mice using embryonic stem cell 
technology. We expected ActRcH-deficient mice to phenocopy 
acfivin-deticient mice. A few ActRcII-deficlent mice had skeletal 
and facial abnormalities reminiscent of the Pierre-Robin syndrome 
in humans^^ but most lacked these defects and developed into 
adults; their foUicie-stimalating hormone was suppressed, and their 
reproductive performance was defective. These findings confirm a 
role of ActRcII in activin signalling in pituitary gonadotrophs* The 
striking lack of overlap between phenotypes of ActRcH-deficient 
and activjanlefldent mice suggests that the Hgands that signal 
through ActRcII during embryonic development are not acdviits. 

We tested the function of ActRcII in activin signalling by 
mutating the ActRcII gene using ES cell technology to delete 
exon 1, which includes both the initiation codon and the signal 
peptide sequence (Fig. \a). Mice heterozygous for this null allele 
{actRcII'^y^) were intercrossed to produce homozygote F2 
ActRcH-deficient {aclRcir^ factRcH'^') mice (Fig. \b,c). 
ActRcII-deficient mice would be expected to be a phenocopy of 
the activitt-pA. activin-pB or activin-pA/pB double-mutant mice 
{that is, to exhibit defects la eyelid development, lack whiskers 
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